The herpes simplex virus (HSV) single-stranded DNA-binding protein, ICP8, is required for viral DNA synthesis. Before viral DNA replication, ICP8 colocalizes with other replication proteins at small punctate foci called prereplicative sites. With the onset of viral genome amplification, these proteins become redistributed into large globular replication compartments. Here we present the results of immunocytochemical and biochemical analysis of ICP8 showing that various antibodies recognize distinct forms of ICP8. Using these ICP8-specific antibodies as probes for ICP8 structure, we detected a time-dependent appearance and disappearance of ICP8 epitopes in immunoprecipitation assays. Immunofluorescence staining of ICP8 in cells infected with different HSV mutant viruses as well as cells transfected with a limited number of viral genes demonstrated that these and other antigenic changes occur coincident with ICP8 assembly at intranuclear replication structures. Genetic analysis has revealed a correlation between the ability of various ICP8 mutant proteins to form the 39S epitope and their ability to bind to DNA. These results support the hypothesis that ICP8 undergoes a conformational change upon binding to other HSV proteins and/or to DNA coincident with assembly into viral DNA replication structures.
Changes in protein conformation can be critical to polypeptide function. Therefore, a complete understanding of how some proteins are regulated involves identifying changes in their tertiary structure. For example, structural changes in many transcription factors (e.g., OxyR, AP-1, Sp-1, NF-B, and p53) (reviewed in references 28, 29, 34, 71, 74, and 91) , the Escherichia coli replication protein dnaB (2, 3, 35) , adenovirus 72K single-stranded DNA-binding protein (SSB) (17) , bacteriophage T4 gene 32 SSB (85) , and the eukaryotic SSB replication protein A (RP-A) (6, 25) are functionally related to the activity of these proteins. Changes in protein structure can be regulated by a variety of means, including binding to DNA (reviewed in references 25 and 73) , interactions with ions (84, 88) , interactions with other proteins (19, 47, 66) , posttranslational modifications (46, 49; reviewed in reference 36), or even environmental conditions, such as redox potential (reviewed in references 5 and 13).
We have studied herpes simplex virus (HSV) DNA replication as a model system for the localization, maturation, and ordered assembly of protein complexes within the cell. HSV encodes seven proteins that are necessary for viral origin-dependent DNA synthesis (12, 39, 75, 87, 90) . These include the SSB (ICP8), as well as a polymerase (U L 30), its processivity factor (U L 42), an origin-binding protein (U L 9), and three proteins that form the viral helicase-primase complex (U L 5, U L 8, and U L 52). ICP8 serves several functions during viral DNA synthesis (67) . It functions as an SSB to stabilize displaced single-stranded DNA strands during HSV DNA replication and also stimulates the helicase activity of U L 9 during initiation and that of the U L 5/U L 8/U L 52 complex during elongation stages of DNA synthesis.
Within HSV-infected cells, the HSV DNA replication proteins assemble at specific intranuclear sites to form large globular replication compartments (8, 16, 26, 48, 51, 61, 64) . If viral DNA synthesis is blocked during infection, many of these proteins are found in smaller prereplicative sites, which display a punctate distribution throughout the nucleus (8, 9, 16, 48, 51, 64) . We and others have shown that, under natural infection conditions, three components of the viral replication machinery, the tripartite helicase-primase, the origin-binding protein, and ICP8, are all required in concert for punctate structure assembly. Interestingly, while monitoring the ordered assembly of these proteins, we detected localization-associated antigenic changes in the viral ICP8 protein, as described below.
The localization of ICP8 to these intranuclear structures involves a series of sequential binding states between ICP8 and the host cell that can be biochemically defined by different fractionation characteristics and solubilization requirements such as detergent and/or DNase treatment (42) . Several early observations suggested to us that ICP8 might undergo a conformational change during this localization and maturation process. First, ICP8 can exist in two distinct oxidative forms, which migrate as a doublet by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). In pulse-chase protein-labeling experiments, these oxidative species appeared to be related as precursor and product (42) . Second, within cells infected with an ICP27 null mutant virus, immunofluorescence assays revealed a partial defect in ICP8 localization to viral replication structures and a corresponding difference in ICP8 reactivity with the conformation-specific 39S monoclonal antibody (MAb) (15) . Finally, more recent biochemical studies on purified ICP8 have demonstrated an apparent conformational change in ICP8 upon binding to single-stranded DNA in vitro (18) .
Here we present the results of immunocytochemical analysis of infected cells and biochemical analysis of ICP8 showing that multiple antibodies recognize antigenically distinct forms of ICP8. Using an intracellular approach which allowed us to follow ICP8 topology during the assembly process, we observed that one of these antigenic species only occurs coincident with ICP8 assembly at intranuclear replication structures.
MATERIALS AND METHODS

Cells and viruses.
All cell lines were grown and maintained in Dulbecco's modified Eagle's medium (Irvine Scientific, Santa Ana, Calif.) containing 10% heat-inactivated fetal calf serum (FCS), 2 mM L-glutamine, streptomycin sulfate, and penicillin G potassium. Experiments were performed with Vero African green monkey kidney cells (American Type Culture Collection, Manassas, Va.).
HSV type 1 (HSV-1) wild-type (WT) strain KOS1.1 (33), originally obtained from M. Levine, was titrated on Vero cells by using an overlay of medium 199 (GIBCO, Gaithersburg, Md.) containing 1% heat-inactivated calf serum and 0.1% human immune serum. The ICP8 mutant viruses constructed from KOS 1.1, n11 and n11SV, and the ICP8-expressing cell line S-2 on which these mutant viruses were propagated and titrated have been described previously (23) . The ICP27 mutant virus d27, also constructed from KOS1.1, was grown and titrated on the ICP27-expressing V27 cell line (65) .
HSV-1 WT strain KOS was obtained from Priscilla Schaffer. Replication (95) , and hr94 (U L 9 Ϫ ) (53) containing lacZ insertions into the indicated genes, as well as the complementing cell lines 2D6 (U L 52), SL8 (U L 8), L5 (U L 5), and 2B11 (U L 9), were provided by Sandra Weller. The U L 42 deletion mutant virus, Cgal⌬42, and the complementing cell line U9 (37) were provided by Paul Johnson. Don Coen provided both the HP66 polymerase mutant virus, which contains a 2.3-kbp deletion and lacZ insertion into the U L 30 open reading frame, and the complementing cell line DP6 (56) . KOS virus was used as the WT strain in all experiments which included the replication protein mutants, as these mutant viruses were constructed from this parental strain.
Infections. For all experiments, viruses were diluted in cold phosphate-buffered saline containing 0.1% glucose and 1% heat-inactivated newborn-calf serum and were incubated with cells at a multiplicity of infection (MOI) of 20 PFU per cell. After 1 h at 37°C, the inoculum was removed, and cells were overlayed with medium 199 containing 1% newborn-calf serum. When indicated, sodium phosphonoacetate (PAA; Sigma Chemicals, St. Louis, Mo.) at a concentration of 400 g/ml was included in the overlay media of infections to inhibit viral DNA replication (45, 54) .
Antibodies. Several antibodies were used for immunofluorescence staining and immunoprecipitation of ICP8 (Table 1) . Paul Olivo provided the R219 polyclonal antiserum (61) . MAbs LP-793 and LP-710 were provided by Lenore Pereira, and the 10-E3 MAb was obtained from Kathleen Shriver. The 3-83 polyclonal antiserum has been described previously (41) . The 39S MAb (72) ascites fluid was generated in mice by the injection of hybridoma cells obtained from the American Type Culture Collection.
Indirect immunofluorescence. Cells were grown on glass coverslips as described above. At 6 h postinfection (hpi) or 48 h posttransfection, cells were fixed for 10 min in 3.7% formaldehyde, permeabilized for 2 min in Ϫ20°C acetone, and immunostained as described previously (64) . The following primary antibodies were used at the indicated dilutions: 39S ascites (1:80), 3-83 (1:100), LP-793 (1:40), LP-710 (1:40), 10-E3 (1:40), and R219 (1:20) . As the goal of these immunofluorescence assays was to detect whether these antibodies exhibited a stronger affinity for specific populations of ICP8, titration of antibodies was performed to determine the concentration at which these differences could be best observed (S. Uprichard and D. M. Knipe, unpublished results). To reduce nonspecific background, diluted R219 polyclonal antiserum was preabsorbed on fixed, permeabilized, uninfected Vero cells prior to immunofluorescence staining. The fluorochrome-conjugated secondary antibodies used in all experiments were fluorescein-conjugated goat anti-rabbit immunoglobulin G (1:200) and rhodamine-conjugated goat anti-mouse immunoglobulin G (1:100) (Cappel Laboratories). Cells were mounted on glass slides in glycerol-gelatin (Sigma) containing 1.3 g of p-phenyldiamine per ml and examined by fluorescence and phase-contrast microscopy with a Zeiss photomicroscope (40) .
Metabolic labeling and immunoprecipitation. Cells were infected with virus as described above at an MOI of 20 PFU per cell. For pulse-chase experiments, at 4.5 hpi, cells were rinsed and incubated at 37°C for 10 min in methionine-free minimal essential medium (Met Ϫ MEM; ICN Biomedicals, Costa Mesa, Calif.). Met Ϫ MEM containing 100 Ci of [ 35 S]methionine (ICN) per ml and 1% FCS was then added on ice, and cells were pulse-labeled for 3 min by submerging the flasks in a 37°C water bath (42) . Incorporation was stopped on ice, labeling medium was removed, and 5 ml of 199 medium-1% FCS containing unlabeled methionine at a concentration of 200 M was added to cultures for the chase periods indicated. After the chase period at 37°C, cells were harvested in ice-cold phosphate-buffered saline containing 100 M phenylmethanesulfonyl fluoride (PMSF; Sigma), 2 M N␣-p-tosyl-L-lysine chloromethyl ketone (TLCK; Sigma), and 50 M N-ethylmaleimide (NEM; Sigma). Cells were collected by centrifugation and frozen at Ϫ80°C. For other experiments, infected cells were labeled from 4.5 to 5.5 hpi in Met Ϫ MEM containing 50 Ci of [ 35 S]methionine per ml, 10% 199, and 1% FCS immediately prior to harvest.
To generate cell lysates for immunoprecipitation, the cell pellets were resuspended in nonionic detergent IP buffer (10 mM Tris-HCl [pH 7.6], 50 mM NaCl, 0.5% NP-40, 100 M PMSF, 2 M TLCK, 50 M NEM) at a concentration of 4.25 ϫ 10 6 cells/ml and pulse-sonicated eight times at low power for 1 s. Because ICP8 contains a large number of cysteine residues and runs as a doublet of different oxidative species by SDS-PAGE (40) , in the experiments reported here we included NEM in the immunoprecipitation buffer to alkylate free sulfhydryl groups and thereby trap any disulfide intermediates present at the time of harvest. Similar results were obtained in the absence of NEM (results not shown). In the indicated experiments, various buffers were added to aliquots of the lysate to adjust the salt and detergent concentrations. Antibodies were used in limiting quantities, enough to bind approximately 50% of the ICP8 present in the cells infected with WT virus, in an effort to avoid any potential antibodyinduced changes in ICP8 structure (data not shown). After a 1-h incubation at 4°C with the indicated primary antibody, immune complexes were formed with fixed Staphylococcus aureus cells (CalBiochem, La Jolla, Calif.) for 40 min on ice. Bound complexes were collected and washed three times with 500 l of wash buffer (50 mM Tris-HCl [pH 7.6], 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 100 M PMSF, 2 M TLCK, 50 M NEM), resuspended in SDS sample buffer, boiled, and resolved by SDS-PAGE with a 9.25% polyacrylamide gel. Following electrophoresis, gels were fixed, dried, and exposed to Kodak BioMax film for autoradiographic images and phosphorimager screens for quantitation. ICP8 bands on the phosphorimages were quantified by using Bio-Rad ImageQuant software. The percentage of ICP8 immunoprecipitated was calculated as the fraction of ICP8 in the immunoprecipitate relative to the amount of ICP8 in the lysate.
Plasmids. Plasmid pSV8.3 contains the ICP8 open reading frame expressed from the simian virus 40 (SV40) early gene promoter (21, 22) . The cytomegalo- Transfections. Cells were grown on glass coverslips to 70% confluence. Transfections were performed using calcium phosphate precipitation (4). A total of 2 g of DNA, which consisted of 0.5 g of pSV8.3 plus either 1.5 g of pUC19 carrier DNA or 0.5 g of each of the three helicase-primase expression plasmids indicated above, was added to each coverslip. At 48 h posttransfection, cells were fixed, and immunofluorescence was performed.
RESULTS
Time-dependent conformational changes in ICP8.
To determine whether ICP8 undergoes any conformational changes during its maturational process, we examined the reactivity of ICP8 with several antibodies and antisera ( Table 1) . One of the antibodies used, the 39S MAb, has the properties of an ICP8-specific, conformation-dependent antibody because it recognizes ICP8 from infected cells (44) and purified native ICP8 (D. M. Knipe, unpublished data; W. Ruyechan unpublished data) but does not recognize denatured ICP8 by Western blot analysis (M. Gao, S. Uprichard, and D. M. Knipe, unpublished data) or by immunoprecipitation in the presence of 0.2% SDS ( Table 2 ). In addition, a series of ICP8 in-frame linker insertion mutations indicated that small insertions throughout the protein can abolish the 39S epitope (E. Villarreal and D. M. Knipe, unpublished data) and several temperature-sensitive ICP8 proteins are not recognized by the 39S MAb at the nonpermissive temperature (D. M. Knipe, unpublished data). Denaturation or mutational changes likely alter the conformation of ICP8 so that the 39S epitope is no longer present in the molecule.
To determine whether this conformational epitope was present immediately following synthesis of ICP8 or required maturation of the protein, we performed [
35 S]methionine pulse-chase labeling of infected-cell proteins and assayed for the availability of specific ICP8 epitopes by immunoprecipitation with the 39S MAb or the N-terminal-specific R219 serum. Small amounts of the pulse-labeled ICP8 were precipitated by the 39S MAb immediately following synthesis (Fig. 1) . However, we observed an increase in the amount of ICP8 recognized by the 39S MAb over the first 20 min of chase (Fig. 1) . In contrast, R219 reactivity was highest just after ICP8 synthesis and was progressively lost during the subsequent 20-min chase period (Fig. 1) . Thus, we detected a time-dependent formation of the 39S epitope and a corresponding decrease in the availability of the R219 epitope on ICP8. In similar experiments, the 3-83 polyclonal anti-ICP8 serum recognized the majority of ICP8 at all time points regardless of the length of the chase period (data not shown).
Cytoplasmic ICP8 is recognized by R219 but not by 39S. To determine whether these antigenic changes occurred upon entry of ICP8 into the cell nucleus, we assayed the R219 and 39S reactivities of cytoplasmic versus nuclear ICP8. ICP8 that remained in the cytoplasm was generated by infection of cells with the n11 ICP8 mutant virus, which encodes a truncated ICP8 in which the carboxy-terminal 28 residues encompassing the nuclear localization signal (NLS) of the protein have been deleted (22, 23) . To examine a nuclear form of the n11 ICP8 protein, we used a second mutant virus, n11SV, which encodes the n11 ICP8 fused to the SV40 large T-antigen NLS (23) .
Dual-label immunofluorescence of infected cells was performed at 6 hpi with the polyclonal R219 serum and 39S MAb. R219 staining detected large amounts of ICP8 in the cytoplasm of cells infected with the n11 virus and possibly small amounts of nuclear ICP8 in these cells ( Fig. 2A) . However, the 39S MAb did not recognize the cytoplasmic ICP8 in these cells but did recognize the small amount of nuclear punctate ICP8 in these cells (Fig. 2B) . The n11 ICP8 fused to the SV40 large T-antigen NLS localized to small intranuclear structures and reacted with R219 ( Fig. 2C) and 39S (Fig. 2D) . Hence, the n11 polypeptide was able to form the 39S epitope, but localization of ICP8 into the nucleus was required for formation of the epitope and recognition by the 39S MAb. In contrast, R219 appeared to possess strong reactivity with cytoplasmic ICP8 ( Fig. 2A and C) , indicating that the N-terminal epitope(s) recognized by this polyclonal serum was accessible for binding primarily before ICP8 entered the nucleus. It is not known what type of interactions n11 ICP8 has with other viral replication proteins and hence to what degree normal viral replication complexes form; however, with this mutant, we do see R219 staining of ICP8 at intranuclear foci as well.
The 39S epitope is detected on ICP8 only at specific intranuclear sites. Because much of the n11 and n11SV that entered 35 S]methionine for 3 min at 4.5 hpi. At the indicated times after labeling, infected cells were harvested, and ICP8 was immunoprecipitated from aliquots of each lysate, using the conformation-dependent MAb 39S or the polyclonal antiserum R219, which recognizes the N terminus of ICP8. Immune complexes were resolved by SDS-PAGE and quantified with a phosphorimager. The amounts immunoprecipitated are expressed as a percentage of the total ICP8 in each sample. .................................................................................... 33  1,000.................................................................................. a Lysate was prepared from cells infected with hr80 mutant virus, and aliquots were adjusted to the buffer conditions listed. The percentage of ICP8 immunoprecipitated was calculated based on the total amount of ICP8 present in a duplicate aliquot as determined directly from an SDS-PAGE protein profile in which ICP8 is a prominent band.
the nucleus localized to punctate prereplicative structures, it could not be determined whether nuclear entry was sufficient for 39S reactivity or whether the antigenic difference was associated with assembly of ICP8 at specific intranuclear sites. To make this distinction, we examined 39S reactivity in cells infected with mutant viruses in which ICP8 enters the nucleus but does not assemble at prereplicative sites. A defect in intranuclear localization of ICP8 was exhibited by four mutant viruses, each deficient for one component of the viral helicase- (48, 51) . Cells were infected with WT virus or one of these mutant viruses, and 39S reactivity was assayed by dual-label immunofluorescence in conjunction with the anti-ICP8 3-83 serum.
At 6 hpi, the majority of ICP8 in the WT-infected cells was in replication compartments and was detected by 3-83 and 39S antibodies (Fig. 3A and B, respectively) . Likewise, when WT virus replication was blocked by incubation with PAA, both antibodies reacted with the ICP8 at punctate prereplicative sites ( Fig. 3C and D) . As has been seen previously (48, 51) , in cells infected with the U L 52 mutant virus, staining with the 3-83 antiserum showed ICP8 to be diffusely distributed throughout the nucleus (Fig. 3E) . However, under these conditions little or no reactivity with the conformation-specific 39S antibody was detected (Fig. 3F) . Similar results were obtained with the U L 8 mutant virus (Fig. 3G and H) , the U L 5 mutant virus ( Fig. 3I and J) , and the U L 9 mutant virus (Fig. 3K and L) . Thus, ICP8 entry into the nucleus was not sufficient for 39S (8, 26, 64) , we wanted to determine if the association of these proteins with ICP8 at replication structures was necessary for induction of the 39S epitope. Therefore, dual-label immunofluorescence with 39S and 3-83 antibodies was performed on cells infected with viruses containing null mutations in U L 30 (HP66) or U L 42 (Cgal⌬42). As observed above (Fig. 3) , ICP8 in WT-infected cells in the presence of PAA localized to punctate foci and was recognized by either 3-83 or 39S (Fig. 4A and  B) . As expected, in cells infected with the HP66 Pol Ϫ virus (Fig. 4C) or the Cgal⌬42 U L 42 Ϫ virus (Fig. 4E ), 3-83 antiserum staining showed ICP8 to be assembled at prereplicative sites regardless of the presence (Fig. 4) or absence (data not shown) of PAA. Strong 39S reactivity was detected in cells infected with HP66 (Fig. 4D) or Cgal⌬42 (Fig. 4F) . Therefore, neither component of the viral polymerase holoenzyme was required to induce 39S reactivity.
Availabilities of several ICP8 epitopes change coincident with ICP8 localization to replication structures. To test if other antigenic differences could be detected between diffuse ICP8 and ICP8 assembled at replication sites, we used additional ICP8 antibodies with defined epitopes (Table 1) to map the topology of ICP8 within infected cells. To ensure the availability of both diffuse and intranuclearly localized populations of ICP8 within individual nuclei, we infected cells with the ICP27 null mutant virus d27-1, which exhibits a partial defect in ICP8 localization (15) , likely due to the underexpression of U L 5, U L 8, U L 52, and U L 9 (83). Dual-label immunofluorescence was performed to assess the reactivity characteristics of various MAbs compared with that of 3-83, while polyclonal R219 reactivity was assayed in parallel with the 39S MAb (Fig.  5) . No staining of mock-infected cell nuclei was observed with any of these antibodies (results not shown).
In cells infected with this ICP27 mutant virus, 3-83 polyclonal serum detected both diffuse and intranuclear localized ICP8 (Fig. 5B) . Consistent with the previous observation of altered 39S reactivity in d27-infected cells (15), 39S MAb reacted only with ICP8 that accumulated in replication structures (Fig. 5A ). Similar to the 39S MAb, LP-710 MAb reacted only with ICP8 in replication structures (Fig. 5C ), although 3-83 staining showed the presence of large amounts of diffuse nuclear ICP8 in these cells (Fig. 5D ). In contrast, MAbs 10-E3 (Fig. 5E ) and LP-793 (Fig. 5G ) reacted with both diffuse and intranuclearly localized ICP8, similar to what was seen with 3-83 serum ( Fig. 5F and H) . Although it was not clear from this analysis if 10-E3 and/or LP-793 exhibited any preferential reactivity for unassembled ICP8, in many cells R219 did appear to have higher affinity for diffuse nuclear ICP8 (Fig. 5I ) than for the 39S-reactive ICP8 at replication structures (Fig. 5J ). Yet it should be noted that R219 did react to some extent with the ICP8 at viral replication structures, especially at higher antibody concentrations (data not shown). Hence, this panel of ICP8 antibodies revealed several antigenic differences in WT ICP8 coincident with localization to intranuclear sites. These included the appearance of the 39S conformational epitope, exposure of the previously unavailable central residues recognized by LP-710, and at least a partial masking of the aminoterminal end of ICP8 that is recognized by R219.
Changes in antibody reactivity appear to be the result of intramolecular conformational changes. While one might expect epitopes on ICP8 to become buried by other proteins upon assembly into replication complexes, we observed not only the partial disappearance (R219) but also the appearance (39S and LP-710) of ICP8-specific epitopes coincident with protein localization to these nuclear structures. Because of the number and varied nature of these antigenic changes, they might be due to conformational changes in ICP8 rather than a simple masking of epitopes due to intermolecular proteinprotein interactions. To address the possibility that these antigenic changes might be due to masking of epitopes by intermolecular interactions between ICP8 and other proteins, we assayed ICP8 antibody reactivity under stringent buffer conditions that have been shown to solubilize ICP8 from other proteins and the nuclear matrix (40, 64) .
Using radiolabeled U L 8 mutant virus-infected cells as a source of diffusely distributed, unassembled ICP8, we determined whether we could "reveal" the 39S epitope prior to structure assembly by disrupting any potential protein complexes. To dissociate ICP8 from protein complexes with which it might be associated, aliquots of infected-cell lysate were sonicated and subjected to increasing salt concentrations, which has previously been shown to solubilize ICP8 (64) . Immunoprecipitation of ICP8 after such treatment showed no significant increase in 39S reactivity (Table 2 ). In contrast, the inclusion of SDS decreased 39S immunoprecipitation of ICP8 (Table 2) , consistent with the 39S epitope being eliminated by SDS denaturation. These results suggested that in these localization mutant virus-infected cells no transient intermolecular interactions were masking the 39S epitope of diffuse ICP8. Similarly, ICP8 from radiolabeled cells infected with WT virus was subjected to the same manipulations to determine whether the R219 epitope would become more accessible upon disruption of replication protein complexes. As might be expected based on the previously determined time course of R219 reactivity (Fig. 1) , R219 recognized very little ICP8 from cells infected with WT virus in which the majority of ICP8 is generally localized to viral replication structures (Table 3) . Subjecting WT-infected cell lysates to high-salt treatment prior to immunoprecipitation did not expose the R219 epitope (Table 3). Infected lysates had to be incubated with SDS before significant R219 reactivity was detected (0.2% SDS) (Table 3) . Hence, upon assembly into replication structures the R219 epitope(s) (N terminus residues 15 to 211) appeared to become buried within the ICP8 molecule such that the protein had to be denatured to reveal it.
Formation of the 39S epitope on ICP8 in transfected cells. To determine which viral gene products were required to promote the formation of the 39S epitope, we examined the reactivity of ICP8 expressed in cells transfected with different combinations of viral genes. When ICP8 was expressed alone, nearly all of the transfected cells showed a diffuse nuclear pattern of ICP8, as observed with 3-83 ( Fig. 6A) , but little to no reactivity was detected with the 39S MAb (Fig. 6B) . Consistent with the results of previous studies (52, 64) , ICP8 did have some intrinsic ability to form the 39S epitope and localize to specific sites within the nucleus because a few of the 3-83-positive cells showed a 39S staining pattern that resembled punctate prereplicative sites or had 39S staining of ICP8 that was somewhat granular in appearance (S. Uprichard and D. M. Knipe, results not shown). As previously demonstrated (48, 52, 82) , however, cotransfection of the U L 5, U L 8, and U L 52 helicase-primase genes with the ICP8 gene resulted in nearly all of the cells showing ICP8 localized to intranuclear structures (Fig. 6C) . The ICP8 at these punctate structures was clearly recognized by 39S (Fig. 6D) . Hence, while U L 5, U L 8, and U L 52 were not absolutely required for 39S reactivity, they did significantly enhance formation of the 39S epitope in ICP8 within the nucleus.
Genetic analysis of ICP8 reveals a correlation between 39S reactivity and ICP8 DNA binding. To investigate the possible functional significance of these antigenic changes in ICP8, we ....................................................................................... 2  300.......................................................................................... 1  500.......................................................................................... 1  150 (plus 0.2% SDS) ........................................................... 32 a Lysate was prepared from cells infected with WT virus, and aliquots were adjusted to the buffer conditions listed. The percentage of ICP8 immunoprecipitated was calculated based on the total amount of ICP8 present in a duplicate aliquot as determined directly from an SDS-PAGE protein profile in which ICP8 is a prominent band.
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compared the 39S reactivity of multiple ICP8 mutant proteins with their DNA-binding phenotypes. ICP8 reactivity with the 39S MAb was tested by immunoprecipitation and immunofluorescence. The DNA-binding ability of these mutants had previously been determined by chromatography of infected-cell lysates through DNA cellulose columns (summarized in Table  4 ). Immunofluorescence assays performed on cells infected with various ICP8 mutant viruses revealed that only localization-competent ICP8 proteins were detected by 39S, further documenting the strict relationship between ICP8 39S reactivity and its intracellular localization (Table 4 and results not shown). Furthermore, in all cases, 39S reactivity correlated with the ability of each mutant ICP8 protein to be retained on DNA cellulose columns (Table 4) . While one trivial explanation for this type of correlation could be that the 39S antibody might bind to the ICP8 DNA-binding domain, this seems unlikely because preincubation of WT ICP8 with the 39S antibody does not inhibit the binding of the protein to DNA (43) . Some of the mutant ICP8 molecules that are not recognized by 39S, such as pm1, show reduced solubility (21), indicating conformational changes in the protein. Based on these results, we hypothesize that the formation of the 39S epitope may be part of a conformational change that allows ICP8 to bind to DNA or is caused by the binding of ICP8 to DNA.
DISCUSSION
The specificity of antibody recognition has proven to be a useful tool for detecting and mapping the tertiary structure of many proteins, including, for example, myosin (32, 81, 89) , creatine kinase (59), p53 (20, 28, 93) , influenza RNA polymerase (79) , and hepatitis C virus E2 glycoprotein (14, 80) . In this study, we found that several antibodies specific for the HSV ICP8 SSB can serve as immunochemical probes for the investigation of ICP8 topology during replication complex assembly. Using these antibodies, we observed time-dependent changes in ICP8 epitope availability and determined that these and other antigenic changes occur coincident with ICP8 localization to replication complexes within the nucleus. Although not specifically addressed here, in light of the fact that ICP8 assembles at two distinct types of prereplicative sites within infected cells (50, 82) , it should be noted that these antigenic changes occur upon ICP8 assembly at both S phase-associated and S phase-independent viral structures (S. Uprichard and D. M. Knipe, results not shown).
A priori, it might be expected that formation of protein complexes at replication sites could mask some ICP8 epitopes. However, we detected a more complex change in reactivity that includes not only the reduced accessibility of the R219 epitope(s) but also the appearance of conformational (39S) and linear (LP-710) ICP8 epitopes. Hence, we currently favor the hypothesis that these varied antigenic changes are due to intramolecular changes in ICP8 conformation. The fact that disruption of ionic interactions in infected-cell lysates by highsalt treatment did not alter ICP8 antibody reactivity supports this hypothesis. However, additional analysis of ICP8 structure is needed to definitively define the nature of these antigenic changes. With the relatively recent progress in determining suitable crystallization conditions for ICP8 (55) , it may be possible to produce high-resolution X-ray diffraction data to confirm and extend the observations reported here.
Relationship between ICP8 localization and changes in ICP8 antibody reactivity. It is intriguing that we observed 39S-and LP-710-reactive ICP8 only at specific intranuclear sites, either prereplicative sites or replication compartments, but it is unclear whether localization causes or results from these changes in ICP8 conformation. The 39S form of ICP8 may be found only at viral replication structures because an ICP8 conformational change is needed for the targeting of ICP8 to the appropriate intranuclear sites. For example, because U L 5, U L 8, and U L 52 are known to greatly enhance the localization of ICP8 to punctate intranuclear sites, it is possible that the 39S epitope is formed upon ICP8 complex formation with the helicase-primase proteins, resulting in the localization of the entire complex to potential replication sites. Alternatively, ICP8 may obtain the 39S conformation subsequent to arriving at the proper nuclear sites by interactions with previously deposited viral or cellular factors, possibly DNA.
Relationship between ICP8 DNA binding and changes in ICP8 antibody reactivity. Another obvious issue to consider is whether and how these antigenic changes are related to ICP8 activity. Using sensitive biochemical assays, other studies have shown conformational changes in purified ICP8 upon binding to DNA (18, 70) . Our genetic analysis showed an association of DNA binding with the presence of the 39S epitope. Thus, the conformational change we observed may be related to those observed biochemically. Because formation of the 39S epitope occurs in transfected cells, a complete viral genome or viral origin of replication is not needed. Therefore, one possible interpretation is that interaction with other viral proteins leads to a conformational change that forms the 39S epitope. If this were the case, it would raise the intriguing possibility that localization to prereplicative sites and/or interaction with other viral proteins leads to an activation of the DNA-binding activity of ICP8. Such localization-associated regulation of DNA binding could function to preferentially target ICP8 DNA binding to viral DNA. Arguing against this possibility, other researchers have used ICP8 expressed in the absence of other viral proteins and have observed apparently normal DNAbinding properties (27, 55) . On the other hand, there are also many precedents of proteins that change conformation upon binding to DNA (reviewed in references 6, 25, 58, 73, and 86) . Both of these possibilities are discussed in more detail below. Conformational activation of ICP8 DNA binding: potential for redox regulation. The existence of multiple oxidative isomers of ICP8 (42) raises the possibility that the conformation of ICP8 and its ability to bind DNA may be subject to redox regulation. Not only has redox regulation been proposed in the DNA-binding activity of several transcription factors, such as the bovine papillomavirus E2 protein (57), the cellular protooncogenes c-fos and c-jun (1, 60, 92) , NF-B (7, 78), Pax proteins (76) , and the bacterial regulatory proteins OxyR and SoxR (reviewed in references 38, 63, and 74) but it also has been shown to regulate the DNA binding of the multifunction eukaryotic replication protein RPA (62, 94) . In the case of OxyR, oxidation of Cys199 has been shown to induce a conformational change in the protein (74, 77) . Likewise, modification of two cysteine residues modulates Pax-8 DNA-binding activity (10) . More specifically, the zinc finger domains of RPA and a number of transcription factors have been shown to mediate the redox regulation of these proteins (reviewed in references 62 and 91).
Consistent with the importance of a cysteine residue(s) for ICP8 DNA binding, the alkylating agent NEM has been shown to inhibit ICP8 DNA binding in vitro (69) . In addition, several aspects of ICP8 primary structure could predispose this protein to being redox sensitive. First, ICP8 is a zinc-binding protein with a putative C 2 H 2 class zinc finger motif from residues 499 to 512 (27) . Second, ICP8 contains the small basic sequence motif RCR (residues 245 to 247), which is homologous to the conserved redox factor 1 (Ref-1) responsive element present in many redox-sensitive transcription factors. Ubiquitous nuclear Ref-1 stimulates DNA binding of AP-1 (KCR), NF-B (KICR), Myb (KQCR), ATF-2 (RCR), and other related factors (92) . Finally, within the proposed ICP8 DNA-binding domain is the cysteine-containing sequence ACGPCP (residues 662 to 667), which is homologous to the active site of thioredoxin (WCGPCK) (reviewed in reference 31).
An interesting situation that arises if the antigenic forms of ICP8 described in this report do correspond with the different oxidative species of ICP8 previously observed is that both oxidative forms of ICP8 would exist in the nucleus. Hence, an exciting aspect of this potential redox regulation is that it would be a localization-specific oxidation of a protein within the nucleus, which would mean that a differential exists in the nuclear redox environment.
DNA binding could induce ICP8 conformational changes. An alternative possibility is that ICP8 may undergo conformational alterations as a result of DNA binding. The reported quenching of ICP8 tryptophan fluorescence, changes in protease cleavage patterns, and changes in antibody quenching of fluorescein-5-maleimide-modified ICP8 in the presence of single-stranded DNA are consistent with a DNA-induced conformational change (18, 70) . Changes in protein conformation upon DNA binding have been documented for a number of proteins (reviewed in reference 73), including the HSV polymerase (86), the VP16 interacting protein Oct-1 (58) , and the cellular SSB RP-A (25) . Similar to what has been found with the analogous cellular protein RP-A (6), such structural changes in ICP8 could serve to facilitate interactions with other proteins and thus promote replication complex assembly on DNA, or they could be the result of cooperative interactions between adjacent ICP8 molecules.
In conclusion, we have observed altered antibody reactivity of the HSV SSB ICP8 coincident with its assembly at viral replication structures, likely due to conformational changes in ICP8 before, during, or as a result of this process. These changes in ICP8 are associated with its interactions with the HSV helicase-primase protein complex and with the ability of ICP8 to bind to DNA. Further analysis of ICP8 structure to determine what specifically induces the 39S epitope should ultimately help clarify the relationship between ICP8 structure, DNA binding, and localization.
